The section "Preparative and Therapeutic Hemapheresis" of the German Society for Transfusion Medicine and Immunohematology (DGTI) has reviewed the actual literature and updated techniques and indications for evidence-based use of therapeutic apheresis in human disease. The recommendations are mostly in line with the "Guidelines on the Use of Therapeutic Apheresis in Clinical Practice" published by the Writing Committee of the American Society for Apheresis (ASFA) and have been conducted by experts from the DACH (Germany, Austria, Switzerland) region.
Introduction
The section "Preparative and Therapeutic Hemapheresis" of the German Society for Transfusion Medicine and Immunohematology (DGTI) presents recommendations for therapeutic apheresis (TA). Experts from Austria, Germany, and Switzerland reviewed the actual literature including the most recent guidelines of the American Society for Apheresis (ASFA) [1] .
TA requires a thorough diagnostic work-up, a close co-operation of involved medical specialties, and an experienced apheresis team. In TA, whole blood is transiently removed from the circulation and components contributing to the disease are removed after separation. In case of plasma treatments, eliminated plasma may be replaced. TA is based on two assumptions: (1) the disease is caused by pathological or pathologically elevated or missing blood constituents; (2) TA is sufficiently effective in removing the causative constituents or in replacing missing factors in order to achieve a symptomatic remission [2] .
TA procedures classified as cytaphereses include red blood cell (RBC) depletion or exchange, leukocyte depletion (LD), platelet depletion, and extracorporeal photopheresis (ECP). Plasma treatments include therapeutic plasma exchange (TPE; exchange of plasma using a replacement fluid) and various secondary treatments of separated plasma comprising adsorption, filtration, or precipitation of selective or specific components with or without the need of replacement fluids. Whole blood adsorption methods are characterized by the direct removal of cellular and non-cellular blood components from whole blood (i.e., without a primary cell or plasma separation) with or without fluid replacement.
Organization of Centers
Apheresis units need to provide adequate conditions as reported for preparative apheresis [3] . The medical director of an apheresis facility is normally board-certified in an appropriate medical specialty (e.g., transfusion medicine, internal medicine, pediatrics). Physicians and operators (nurses, technicians) need to be experienced in extracorporeal procedures and educated in emergency medicine. Specific training for each apheresis device is required. Physicians performing TA should possess hands-on experience with at least 10 apheresis treatments per apheresis system and continuously update their education. An operator should not perform more than two TA procedures in parallel. All technical equipment including apheresis devices and secondary separation systems (selective/specific removal procedures) should be approved for the respective application, CE certified, and handled according to national legislation [3] [4] [5] [6] .
Patient Information and Consent
The attending physician is responsible for informing the patient and/or the legal guardian verbally in a competent and understandable manner about the value and necessity of the therapeutic measure, the risks and benefits and potential side effects, as well as alternative treatment options. We suggest that the patient receives a copy of the informed consent, providing sufficient time for consideration for decision making and is advised to immediately report any occurring symptoms during TA.
Apheresis Procedures
The indication, treatment schedule, and therapeutic goal needs to be assessed in close co-operation with physicians involved in patient care. Appropriate fluid replacement should be considered when removing large volumes during TA. The efficacy of a procedure can be calculated based on the composition of the blood components to be removed, the kinetic of reappearance, renewed synthesis, or redistribution of disease-associated factors. Intensity and frequency of treatments are based on clinical conditions, treatment goals, and laboratory results.
The operator has to check and document the device and tubing set, use of correct fluids (e.g., anti-coagulant, replacement fluids) based on the patient requirements and therapy-relevant data. For TA, peripheral venous access (i.e., antecubital veins) using dialysis cannulas and/ or peripheral venous catheters, is preferred. Currently, ultrasound devices are more and more frequently used to facilitate peripheral vein puncture. All patients should be adequately monitored at a minimum blood pressure, heart rate, and oxygen saturation. Additional monitoring may be applied if necessary, such as ECG, etc. A physician has to be available during the whole TA procedure in case of medical or technical problems. TA needs to be stopped if the clinical condition of the patient deteriorates, or in case of any severe adverse events (AEs) or system malfunction. The responsible physician has to decide whether to continue, interrupt, or discontinue the procedure, and is responsible for the discharge/transfer of the patient after apheresis.
Patients should receive adequate fluid replacement with proper documentation of fluid balance. A warming system for patients and/or for the extracorporeal blood and replacement solutions is advisable to avoid side effects of the procedure. This is also a requirement in all patients with cold agglutinin disease or cryoglobulinemia.
Especially in plasma treatments, elimination of drugs (e.g., antibiotics, etc.) should be taken into account and preferably applied after the TA. Systematic studies about the effect of plasma differential separation methods on drug efficacy do not exist. Thus, drugs should be taken after the apheresis treatment if feasible.
Lipemic or highly icteric plasma may interfere with the optical sensors of the apheresis device. Therefore, parenteral nutrition should be stopped if possible 4-6 h before the start of the apheresis procedure.
Laboratory Tests
Laboratory test results (i.e., complete peripheral blood count, calcium, potassium, and coagulation parameters) should be available before the first TA treatment. Specific laboratory tests for monitoring the response to TA (i.e., ADAMTs-13 and LDH in TTP, etc.), should be assessed accordingly.
Anticoagulation
Centrifugal apheresis devices use citrate anticoagulation (acid-citrate-dextrose formula A, ACD-A) in a ratio of usually 1: 10 to 1: 22 ACD-A to whole blood, depending on the type of apheresis, clinical or laboratory parameters, or citrate re-transfusion (i.e., plasma adsorption treatments) to the patients. The effect of citrate is based on the chelation of calcium. Citrate-related side effects are frequent and can be lowered by reducing the flow rates and adjusting the ACD-A ratio. In addition, calcium gluconate 10% may be administered on demand or as continuous infusion (0.53-1.2 mmol Ca 2+ per 10 mmol citrate) [7] [8] [9] [10] . For bolus administration in adults, 10 mL of calcium gluconate 10% (2.1 mmol) should be given over a period of at least 10 min. Continuous calcium substitution is strongly recommended in patients with a concentration of ionized calcium plasma < 0.75 mmol/L [8] . The threshold for Ca 2+ substitution in the event of a severe citrate reaction is 0.9 mmol/L. The infusion rate of DOI: 10.1159/000503937 citrate should not exceed the upper limit of 1.2 mL/min ACD-A per liter blood volume without prophylactic calcium supplementation. It is recommended that pediatric patients receive calcium gluconate at a lower, age-adapted dose.
Citrate is mainly metabolized in the liver and to a lesser extent in the kidneys and skeletal muscle. Patients with liver disease show a trend to increased citrate toxicity while patients with kidney dysfunction are at increased risk of metabolic alkalosis, especially during TPE with plasma as the replacement fluid [11, 12] . Alkalosis reduces citrate metabolism and may aggravate side effects from hypocalcemia [2] . Hyperventilation may in addition intensify symptoms of alkalosis.
To avoid citrate accumulation, heparin can be added after contraindication (e.g., bleeding or bleeding risk) have been ruled out. If heparin is used, monitoring of coagulation is indicated by assessing the activated partial thromboplastin time or activated coagulation time before starting and after the procedure [13] . In addition, patients should be monitored for bleeding symptoms.
Heparin-induced thrombocytopenia type II is an absolute contraindication for the use of heparin. In these very rare cases, heparin needs to be replaced by alternative anticoagulants such as argatroban, a direct thrombin inhibitor. However, there are only few reports about argatroban and extracorporeal therapy in the context of dialysis and extracorporeal membrane oxygenation [14] .
AEs and Complications
AEs can occur suddenly or delayed. Especially in children, because of limited communication a careful monitoring (surveillance, vital signs, laboratory tests) is a required imperative. AE during apheresis typically consist of citrate toxicity which can be increased in patients on bisphosphonates therapy, vasovagal reactions and hypotension, hypothermia, and allergic reactions, for example, and can result from concomitant medication (e.g., angiotensin-converting enzyme [ACE] inhibitors). According to the WAA registry study, additional complications from peripheral or central venipunctures, coagulation disorders, or hypo-and hypervolemia (impaired fluid balance) can occur. Mechanical hemolysis and iron deficits (due to remaining blood in the tubing set) are rare complications. The possibility of air embolism, especially when using a central venous line (CVC), is extremely rare [15] .
Paresthesia -perioral or peripheral -are among the most common citrate-induced side effects. However, severe citrate reactions such as tetania, hypernatremia, or metabolic alkalosis/acidosis are rare. Patients with a central venous line are at risk for cardiac arrhythmia if high blood flow rates are applied as a high citrate concentration can affect the conduction system of the heart [2, 16] .
The first symptoms of vasovagal reactions are pallor and cold sweats, followed by bradycardia and arterial hypotension. More severe reactions include nausea, vomiting, syncope, and rarely seizures with or without enuresis. In the case of a vasovagal reaction, the patient has to be brought into shock position until he or she recovers and the apheresis procedure should be transiently stopped.
Complications associated with peripheral vein puncture include hematoma, arterial puncture, extravasation injury, thrombophlebitis, and vascular wall sclerosis after multiple apheresis procedures. Nerve injuries with consecutive peripheral sensory or motor deficits or accidental arterial puncture occur more rarely.
Allergic reactions are usually triggered by replacement fluids containing protein, but also by other colloidal solutions, residual ethylene oxide after sterilization in the tubing set or filters, or by concomitant medication. The symptoms range from mild erythema, hives, tachycardia, hypotension, bronchospasm, and allergic shock. Adequate medication has to be applied (e.g., antihistamines, steroids, or epinephrine and volume). Depending on the severity, the procedure has to be interrupted or terminated.
Special precautions should be taken in patients treated with ACE inhibitors. The contact of blood with negatively charged surfaces (e.g., LDL apheresis using dextran sulfate cellulose or cascade filtration) can activate the kininkallikrein system. ACE inhibitors block the decay of bradykinin and at the same time inhibit the production of the vaso-constricting angiotensin II, which functions as a potential bradykinin antagonist. Therefore, the use of ACE inhibitors is contraindicated in patients undergoing apheresis and we strongly suggest that the treatment is scheduled in accordance with the half-life of the respective ACE inhibitor [17] .
Apheresis in Pediatric Patients
Apheresis in children requires special considerations, including rooms with adequate space to accommodate an accompanying person and a comfortable atmosphere for children. Notably, teams carrying out apheresis in pediatric patients are required to have specific experience, particularly if the body weight (BW) is below 20 kg. Therefore, a team can be considered experienced after carrying out at least five pediatric apheresis procedures in addition to an educational program for TA as reported above for adults. Designated team members have to be trained in emergency medicine and cardiopulmonary resuscitation in children.
As a general rule, priming with cross-matched, preheated packed RBCs, optionally irradiated, hematocrit adjusted using compatible plasma or human albumin is recommended when the BW is less than 20 kg and the extracorporeal volume exceeds the total blood volume (TBV) by 10-15% [18] . AEs in children may present differently than in adults: unusual behavior, restlessness, or even sudden silence can be a first symptom that requires a re-evaluation of the situation. Especially in children, a system of warming should be used to avoid hypothermia. As the number of therapeutic aphereses in children is low, large, randomized trials are lacking and indications for TA are adopted from recommendations for adults. It has to be considered that apheresis devices are generally developed for their use in adults and specific systems for children are not available. Important considerations are the disproportion between extra-and intracorporal blood volume, difficult venous access, low flow rates, and other aspects concerning the physiology as well as psychology of pediatric patients. Because of the lack of experience in pediatric apheresis procedures, it is strongly recommended to perform each treatment in co-operation with pediatricians and pediatric caregivers who should be available on demand during apheresis [19] . The monitoring of children during apheresis depends on their condition and should at least include continuous monitoring of heart rate, oxygen saturation, and blood pressure in regular intervals. Necessarily, personnel need to be trained on the specific monitoring equipment for children and its use. Sedation or anesthesia of children during apheresis is usually not compulsory but may be evaluated in individual cases by the attending physician. To avoid citrate toxicity, prophylactic calcium supplementation is recommended when apheresis in children is performed. Instrument settings need to be discussed with the manufacturer due to specific recommendations for pediatric aphereses [20] .
Preferably, a peripheral venous line should be used. Broviac or Hickman catheters are appropriate in very small children if the catheter lumen provides sufficient blood flow rates. Apheresis in patients with less than 4 kg BW who have approximately 240 mL TBV would lead to a blood exchange as the extracorporeal volume of most apheresis devices is 160-200 mL.
Patients aged below 14 years need be informed about the planned procedure together with their legal guardian in an age-appropriate manner, while patients of 14 years or older have to be directly included in the decision-making process and have to consent considering the national law.
Documentation
Referral of a patient for TA should be done in written form. Treatment plan, therapeutic endpoint (i.e., target values), as well as follow-up visits have to be specified in consultation with the referring physician. The handling of blood products, management of transfusion reactions, responsibilities, and documentation has to be in accordance with national law and European regulations. Documentation of each TA, including details of the procedure, lot numbers of the used disposables, type and quantity of solutions, timeline, vital parameters, laboratory test results, and if appropriate additional information, deviations, and AEs, is required. Written reports addressing details of the procedure and the clinical course of the patient are a relevant information for the referring physician.
Termination of apheresis, AEs, procedures to prevent AEs, interventions, and treatments need to be accurately recorded, particularly in the case of transfusion reactions. Investigating and reporting of AEs has to be done by the responsible physician. Reporting of AEs (e.g., transfusion reactions, severe AEs regarding the procedure) and technical problems (e.g., malfunction of the instrument, tubing set) have to be reported to the regulatory agency and if appropriate to the manufacturer according to the national requirements.
TA Procedures
Treatment modalities, categories, and grade of recommendation according to the ASFA guidelines are summarized in Table 1 [1] .
Category Definitions for TA I. Disorders for which apheresis is accepted as the firstline therapy, either as a primary standalone treatment or in conjunction with other modes of treatment.
II. Disorders for which apheresis is accepted as second-line therapy, either as a standalone treatment or in conjunction with other modes of treatment.
III. Optimum role of apheresis therapy is not established. Decision making should be individualized.
IV. Disorders in which published evidence demonstrates or suggests apheresis to be ineffective or harmful. IRB approval is desirable if apheresis treatment is undertaken in these circumstances. Therapeutic Plasma Exchange TPE is defined as the non-specific and non-selective removal of plasma and its replacement with an iso-oncotic solution. TPE is an option in disorders where known or unknown pathogens need to be removed or a missing plasma component has to be replaced [1] . TPE represents the longest practiced method of TA until now and has the most category I indications defined in the ASFA guidelines [1] . Adapted from Padmanabhan et al. [1] . TA, therapeutic apheresis; ADC, adsorptive cytapheresis; AIHA, autoimmune hemolytic anemia; GVHD, graft versus host disease; PV, polycythemia vera; HCT, hematopoietic stem cell transplantation; Lp(a), lipoprotein a; ANCA, anti-neutrophil cytoplasmatic antibodies; ASFA, American Society for Apheresis, c., column; DGKE, diacylglycerol kinase epsilon; EA, erythrocytapheresis; ECP, extracorporeal photopheresis; HCT, hematopoietic cell transplantation; HELLP, hemolysis, elevated liver enzymes, and low platelets; HTG-AP, hypertriglyceridemic pancreatitis; HV, high volume; IA, immunoadsorption; LA, lymphapheresis; LD, leukodepletion; LDL aph., LDL apheresis; NYHA, New York Heart Association; PANDAS, pediatric autoimmune neuropsychiatric disorders; pHUS, thrombotic microangiopathy due to Streptococcus pneumoniae; PLG, plasminogen; RBCs, red blood cells; RBC-E, red blood cell exchange; RhD, Rhesus D; RH, rheohemapheresis; STEC-HUS, Shiga toxin-mediated thrombotic microangiopathy; THBD, thrombomodulin; TPE, therapeutic plasma exchange. After separation of whole blood by centrifugation or membrane filtration, plasma is removed while blood cells are returned together with the replacement fluid.
Grading Recommendations
Selection of the replacement fluid and its volume depend on the underlying disease, concomitant disorders, specific laboratory parameters (e.g., total serum protein, coagulation factors) and the patients' fluid balance to maintain isovolumic conditions and a normal oncotic pressure. It normally consists of colloid solutions (e.g., albumin and/or plasma) or a combination of crystalloid and colloid solution [21] .
The exchange volume is normally 1.0-1.5 times the patient's total plasma volume with therapy intervals of 24-48 h depending on the underlying diseases, clinical feasibility, kinetics of the pathological plasma components, and its distribution and half-life. In the case of autoantibodies, their binding avidity to the target tissue, renewed synthesis, and extravascular to intravascular redistribution of the respective substance has also to be taken into account. Drugs with high protein binding (> 80%) and low volume of distribution (< 0.2 L/kg) are efficiently eliminated by TPE [22] . Therefore, if possible, patients should receive their daily medication (especially if the application is once a day) after TPE, and women should be aware that oral contraceptives may be less effective. TPE is in general a low-risk procedure. However, AE as citrate toxicity or hypersensitivity to plasma or human albumin has to be considered [23] .
Selective Plasma Separation
After the primary step of plasma separation, substances of interest can be removed either by filtration, adsorption (immunological or electrostatic/physicochemical), or precipitation followed by continuous re-infusion of the treated plasma. Replacement fluids are usually not required as the anticoagulation fluid is completely re-infused, thus citrate toxicity may be more frequent than in TPE.
Plasma differential separation is applied when TPE is not sufficient to effectively remove pathogens. Severe forms of autosomal dominant homozygotic familial hypercholesterolemia are ASFA category I indications. Drug intolerance and individual atherosclerosis risks have to be taken into consideration as well [1, 24] .
Membrane differential filtration (MDF) is often referred to as cascade filtration or rheohemapheresis. Agerelated dry macular degeneration is an ASFA category I indication for rheohemapheresis treatment [25] . Primary separation of the whole blood is followed by plasma filtration. MDF uses filters with defined surface properties and pore size to selectively separate plasma proteins based on their molecular weight and conformation for elimination of LDL cholesterol and its fraction lipoprotein a [Lp(a)], as well as α 2 -macroglobulin, IgM, triglycerides, fibrinogen, and coagulation factor XIII.
Cryofiltration
Cryofiltration is a special type of MDF. A particular set of filters is used to remove large amounts of cryoproteins from the plasma at low temperature (4 ° C) [26] .
Immunoadsorption Immunoadsorption (IA) is an apheresis procedure aimed to remove immune complexes and auto-and alloantibodies. Adsorption can be achieved by hydrophobic interaction chromatography, specific affinity chromatography, or through immunological binding of pathogens to their ligands (immobilized as amino acids, peptides, or proteins).
At therapy onset, daily IA is feasible. In disorders where antibody titers correlate with disease severity, such as coagulation factor inhibitor hemophilia, reduction of antibody titers can be used to assess the efficacy of IA [27] . Usually, immunosuppressive therapy is combined with IA, which classifies inhibitor hemophilia (autoantibody) as an ASFA category III indication, for example [1] . The choice of adsorption columns, frequency of IA, and plasma volume to be processed depend on the underlying disease, its severity, and the capacity of the adsorber. Due to the specific device the treatment intensity may be limited by simultaneous elimination of plasma proteins with a long half-life (e.g., factor XIII, fibrinogen). Substitution with immunoglobulins can be required or may be part of the treatment protocol.
Lipid Apheresis (LDL Apheresis)
TPE plays only a minimal role in treating severe lipid metabolism disorders that are based on the chylomicronemia syndrome. For LDL apheresis there are two FDAapproved methods: the heparin-induced extracorporeal LDL precipitation system, and the dextran sulfate LDL removal column. Heparin-induced extracorporeal LDL precipitation (HELP ® -LDL apheresis) is the most complex form of lipid apheresis. The basic principle is to precipitate LDL using heparin. In addition to LDL, VLDL, and Lp(a), mediators of inflammation, fibrinogen, proinflammatory adhesion molecules, and other cytokines are eliminated [28] [29] [30] . Direct adsorption of lipoproteins (DALI) from whole blood is carried out with special (DALI)-adsorbers and thus does not require additional plasma separation steps. LDL and Lp(a) diffuse into the pores of the disposable adsorber, while corpuscular blood components are retained [31] .
IA was described for selective removal of apoB100-containing lipoproteins and Lp(a) [32] . By use of the latter selective procedure, only one lipid molecule is removed, whereas the HELP system diminishes more and different proteins, such as LDL-A, LDL-C, and fibrinogen.
All methods for LA (IA, chemoadsorption, precipitation, MDF, and adsorption from whole blood) meet the criteria of a minimum 60% reduction of LDL cholesterol within 6 h of the therapy session. The most specific and effective method is the immuno-specific adsorption of Apo-B-carrying lipoproteins [26] . LDL adsorption with dextran sulfate cellulose can cause severe reactions due to bradykinin release. It is advisable to withhold ACE inhibitors for at least 24 h before apheresis treatment to avoid severe reactions.
Therapeutic Erythrocytapheresis
Therapeutic erythrocytapheresis (EA) is performed by an apheresis device, replacing a defined amount of RBCs with cell-free electrolyte solution (RBC depletion). The selective removal of RBCs aims to lower hematocrit levels in polycythemia vera (PV) or iron overload in hereditary hemochromatosis. Increased hematocrit is associated with hyperviscosity, which can result in fatigue, shortness of breath, angina pectoris, or thrombosis. The main problem of iron overload results in organ impairment or organ failure. As EA is more efficient than classical phlebotomy, EA requires fewer treatments, resulting in longer treatment intervals, and should be the preferred technique in suitable patients (e.g., appropriate antecubital veins, acceptable cardiac function) [33, 34] . EA may be carried out up to 2-3 times per week until the target hematocrit is reached [35] . If the blood volume is assumed to be 70 mL/kg, the following formula is used to estimate the volume of red cells to be removed in the apheresis procedure (VR): VR = [(starting HCT -target HCT)/79] × [70 (mL/kg) × kg BW] [36] . The risk associated with therapeutic EA is the same as with other apheresis procedures. Special care needs to be taken in patients with organ impairment, particularly cardiac arrhythmias, cardiopulmonary insufficiency, and liver failure, as the risks of AE may be increased.
RBC Exchange
The principal of RBC exchange (RBC-E) is to replace a patient's RBCs with at least an equal volume of compatible packed red cells. RBC-E is used in patients with hemoglobinopathies [37, 38] or diseases caused by an intraerythrocytic protozoan (e.g., malaria, babesiosis) [39, 40] . The advantage of the RBC-E over an exchange transfusion is the controllability, the closed, sterile apheresis system, as well as reduced exposure to donor plasma. RBC-E is well tolerated and, in contrast to classical exchange transfusion, allows the monitoring of fluid balance.
RBC-E in patients with intravascular hemolysis can exacerbate the damage of disease-affected RBCs [41] . Patients with homozygous sickle cell anemia, thalassemia major, or combined congenital hemoglobinopathies require regular RBC transfusion, which can result in iron overload and secondary organ impairment if inadequate iron chelation is applied. With RBC-E the risk of iron overload may be reduced significantly [42] . Moreover, RBC-E seems to reduce the frequency of alloimmunization and may therefore be considered a reasonable alternative to regular transfusions, but is particularly recommended in patients with sickle cell disease in the case of acute central nervous system (CNS) infarction and acute pulmonary reaction [43] . Large-caliber needles for venipuncture combined with low withdrawal flow are used to avoid sickling and hemolysis during extracorporeal circulation [44] . Patients that receive RBC-E maintenance therapy should preferably receive fresh RBCs (≤7 days old). Comprehensive phenotyping and selection of highly compatible blood products is advisable in order to avoid allo-immunization [45] .
In patients with malaria or babesiosis, RBC-E is indicated if more than 10% of RBCS are infected, or in the case of neuropathy [1] . In total, 1-1.5 times the patient's TBV should be processed to remove 50-70% of infected erythrocytes. Repeated apheresis in patients with severe disease may achieve a residual parasitemia of less than 5% [39] .
AB0-Incompatible Blood Stem Cell Transplantation
Due to the fact that the blood group system is inherited independently from the human leukocyte antigen system, approximately 50% of allogeneic HCT (hematopoietic blood stem cell transplantations) are performed across the blood group barrier. Conditioning regimens prior to HCT can be myeloablative (MA) or non-MA (NMA) [46] . To reduce the overall toxicity of HCT, NMA conditioning is the preferred type of treatment in patients who are older (> 55 years) or have comorbidities and are therefore not eligible for an MA-HCT. In NMA, graftversus-host disease (GVHD) prophylaxis does not include methotrexate. As a result, antibody-producing donor B cells can escape T cell control and produce isohemagglutinins, which can lead to hyperacute hemolysis of recipient RBCs in the case of a minor or bidirectional AB0 incompatibility between donor and recipient [46] . This passenger lymphocyte syndrome can also be observed after AB0 mismatched solid organ transplantation [46] . To avoid this critical complication, a prophylactic RBC-E with donor group RBCs should be considered, provided that a corresponding transfusion regimen was not implemented prior to transplantation [46, 47] .
Leukocyte Depletion LD is performed in patients with acute and chronic leukemia to treat hyperleukocytosis-induced symptoms of leukostasis. Leukostasis is a known risk factor for increased early death in newly diagnosed acute leukemia [48, 49] . The mechanism of leukostasis remains undefined. However, it is assumed that elevated blood viscosity, diminished deformability, and increased adhesiveness of leukemic cells play a key role [48, 49] . Leukostasis typically affects the lung and the CNS, and results in dys-DOI: 10.1159/000503937 pnea, hypoxia, alveolar hemorrhage, pulmonary infiltrates [22] , and neurological symptoms such as impaired consciousness, impaired vision, retinal hemorrhage, and coma. In addition, cardiac symptoms and arterial embolism can occur. Priapism is observed mostly in CML with very high leukocyte counts of > 500,000 per µL [48, 49] .
The number of white blood cells (WBCs) that triggers apheresis depends on the type of leukemia. In acute myeloid leukemia [18] , myelo-monocytic, monoblastic, and monocytic subtypes especially carry a high risk for leukostasis as AML blasts are large cells with a higher rigidity compared to lymphoblastic cells. In the case of WBCs of > 50,000-100,000 per µL, LD should be initiated if clinical symptoms are present. In contrast, acute or chronic lymphoblastic leukemia may cause leukostasis only if WBCs exceed 400,000 per µL.
The WBC count provides some guidance, but the indication for therapeutic or prophylactic LD is mostly based on clinical considerations. There is no strong evidence for prophylactic LD, as only a few cases have been reported. Patients undergoing LD may have severe anemia, thrombocytopenia, and coagulopathy. Apheresis settings and optional replacement fluids depend on the type of leukemia, the number of cells (volume) eliminated during LA, and the corresponding hematological parameters. As processing of 1-time TBV leads only to a reduction of approximately 15-46% of WBCs, TBV should be processed 2 times to reduce WBCs by 50-86% [48, 49] . An increase of the centrifuge speed may be necessary for a more effective sedimentation of leukemic blasts. In addition, in some cases with difficult separation (e.g., in chronic myeloid leukemia), hydroxyethyl starch may be added continuously during LD to augment RBC sedimentation. If the volume of removed cells exceeds 20% of the TBV, replacement with crystalloids or human albumin is recommended. To avoid a further increase in blood viscosity, it is strongly recommended to transfuse RBCs only after the LD and in consultation with the referring hematologist, even at very low hemoglobin levels. LD should be repeated until the leukostasis symptoms disappear. LD efficiency may seem lower than expected because leukemic cells can be mobilized during apheresis. The target for prophylactic LD is to reduce the WBC count to < 50,000-100,000 per µL in AML and < 400,000 per µL in acute lymphoblastic leukemia to avoid tumor lyses syndrome if chemotherapy is applied [48] . Fragmentation of leukocytes can lead to falsely elevated potassium concentrations and platelet counts in automated blood cell analyzers [50] . Chemotherapy is vitally important for the prognosis and should not be delayed by LD. A long-term or palliative application of LD can be considered for pregnant women and patients with absolute contraindications for chemotherapy, respectively. Despite patients with leukostasis often being critically ill, there are no reports of serious AEs in the context of LD. The procedure is generally well tolerated if carried out properly [51, 52] .
Adsorptive Cytapheresis
Adsorptive cytapheresis (adsorption-desorptionapheresis; ADA) is a special type of leukocyte apheresis, with the purpose to selectively adsorb activated granulocytes, monocytes, and macrophages. The therapy is carried out either with a special column containing approximately 35,000 cellulose acetate beads or with particular filters consisting of polyester fibers. With the filter approach, especially lymphocytes and platelets are removed, which also have a pro-inflammatory function. Activated leukocytes are selectively removed through Fc receptormediated interaction with immunoglobulins or via complement. This leads to a reduction of activated WBCs in the peripheral blood, which is compensated through the release of immature cells (e.g., CD10-negative granulocytes) from the bone marrow. In addition, ADA treatment is associated with the release of anti-inflammatory interleukin (IL)-1 receptor antagonist, suppression of pro-inflammatory cytokines like TNF-α, IL-1β, IL-6, IL-8, down-modulation of L-selectin, and the chemokine receptor CXCR3, and therefore has an immunomodulatory effect. The removal of peripheral dendritic precursor cells seems also to be of relevance [53, 54] .
During one treatment session, between 1,800 mL (column approach) or 3,000 mL (filter approach) of blood is processed. A treatment cycle usually consists of 5 treatments carried out once a week and can be repeated if necessary. In severe cases or in delayed response, treatment can be intensified. By using the column device, treatment intervals can be intensified to twice a week in the first 2 weeks.
ADA is applied in disorders associated with leukocyte activation such as inflammatory bowel disease (i.e., ulcerative colitis, Crohn's disease) [54] . Recent studies have shown that the column system is more efficient when combined with immunomodulatory treatments (e.g., azathioprine) [55] . It is a complementary alternative in patients not responding to standard therapy, or for those being steroid intolerant. Adsorptive cytapheresis is considered to be a low-risk procedure. In rare cases, headache, fatigue, dizziness, general malaise, or nausea may occur [56] .
Other possible applications are autoimmune disorders including rheumatoid arthritis and, on rare occasions, psoriasis or pyoderma gangrenosum [1] . There are currently investigational indications of ADA for Behcet's disease [57] . Hence, treatments should be performed only in randomized trials.
Extracorporeal Photopheresis
ECP is used for the treatment of T cell-mediated disorders and has been shown to be beneficial for patients with cutaneous T cell lymphoma and lymphomatoid papulosis (each CD30+), GVHD, and rejection of solid allografts [57] [58] [59] [60] [61] [62] . During ECP, leukocytes (predominantly MNCs) are separated from whole blood, treated with a photosensitizer (8-methoxypsoralen, 8-MOP), then exposed to UVA light and transfused back into the patient. UVA light activates 8-MOP, leads to the crosslinking of DNA strands which results in apoptosis of lymphoid cells, largely natural killer cells and T cells. After reinfusion, apoptotic lymphoid cells are phagocytosed by immature dendritic cells, which subsequently undergo maturation, present antigenic peptides, and modulate immune responses. Increased dendritic cell differentiation, downregulation of autoreactive B cells, alterations in T helper subset populations and lymphocyte homing antigen display, switch from pro-inflammatory to anti-inflammatory cytokine production, and generation of regulatory T cells have been described. Nonetheless, the mode of action is still not completely understood, although many achievements have been made over the last decades [63] [64] [65] .
Different methods are available to carry out the procedure. Inline methods (collection of cells, UVA irradiation, and reinfusion is performed in one system), offline systems (collection of cells with a conventional apheresis device, separate UVA illumination system), and MINI ECP (manual MNC preparation from whole blood, separate UVA illumination system) are used for ECP. Heparin is the standard anticoagulant for inline systems and ACD for offline systems, in patients with a low platelet count and/or gut bleeding, heparin should be avoided.
The peripheral blood WBC count should be ≥2 × 10 9 /L at the start of each treatment to allow sufficient collection of cells. Depending on the technique of ECP (inline, offline, or mini ECP) approximately 10-30% of the circulating MNC are UVA treated and reinfused.
The extracorporeal blood volume should not exceed 15% of the TBV during ECP. Otherwise, compensatory therapeutic measures have to be taken. Lipemic or icteric plasma hinders leukocyte collection as it interferes with the light sensors of cell separators and requires manual adaption of the interface by the operator. To avoid lipemia, parenteral nutrition should be paused 4-6 h before the start of the treatment.
Different therapeutic regimens are recommended depending on the underlying disease. Acute GVHD is treated depending on the severity with 2-3 ECP sessions per week for the first 2-3 weeks, then twice a week on a weekly basis until the disease response and steroids can be tapered [66, 67] . For chronic GVHD, one cycle weekly for the first month (or biweekly if treating only mucocutaneous chronic GVHD), then in biweekly intervals until either a response or for 8-12 weeks, followed by a taper to every 3-4 weeks until maximal response [66] . Therapy intervals can be adapted depending on organ involvement and response. Response to ECP is first evaluated after 6-8 weeks.
For the prevention and treatment of heart transplant rejection, ECP is performed either according to the protocol published by Barr et al. [68] or scheduled weekly (2 days per week), and then every 2-8 weeks until clinical improvement [69] . In bronchiolitis obliterans syndrome after lung transplantation, ECP is applied weekly (2 treatments) in the first month, then 2 treatments every other week for month 2-3, and thereafter 2 treatments per month in months 4-6 [70] . The recommendation for other indications is 2 treatments every 2-4 weeks. Response has to be evaluated on a regular basis. Re-transfusion of treated cells may lead to fever with or without erythroderma. After 8-MOP treatment, patients are temporarily UVA sensitive and therefore must avoid direct sunlight and wear UVA protective glasses.
Thrombocytapheresis
Therapeutic thrombocytapheresis or platelet depletion encompasses platelet separation, collection, and removal of a highly enriched platelet concentrate from the circulation of patients. It is accepted as an effective therapeutic option for a rapid reduction of excess of platelets. Thrombocytosis can be reactive (iron-deficiency anemia, malignancies, inflammation, etc.), the result of asplenia but also occur in various myeloproliferative neoplasms (MPN) or overlap syndromes (e.g., essential thrombocythemia, PV). Patients are often affected by thromboembolism or bleeding. The indication for thrombocytapheresis is usually confined to this group of patients. The typical symptoms of MPN with thrombocytosis are microcirculatory disturbances including erythromelalgia, thromboembolism, ischemia of the CNS (visual or speech disorders, dizziness, migraine), or cardiac symptoms (coronary ischemia, myocardial infarction). Thrombocytosis is particularly dangerous in patients with PV who also exhibit a hyperviscosity syndrome with excessively increased hematocrit. In these cases, a rapid simultaneous reduction of the hematocrit as well as the thrombocytes is important [71] [72] [73] .
Apart from the risk of thromboembolic complications, patients with MPN and thrombocytosis often have an increased risk for bleeding complications as thrombocytosis can be associated with an acquired von Willebrand syndrome [74] . The significance of thrombocytapheresis for reducing the risk of thrombo-hemorrhagic incidences is not clear. Although the procedure is not mentioned in the current guidelines of the German Society of Hematology and Oncology according MPN, it can be useful in specific cases where a rapid decrease in platelet count is indicated (e.g., splenectomy with subsequent high platelet counts, severe or life-threatening circulatory dysfunction, acute bleeding due to an acquired von Willebrand syndrome) or in situations where the established pharmacological therapy is contraindicated [75, 76] .
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Platelet count can be reduced by 30-60% per apheresis. At least 1.5 times the patient's TBV should be processed. The cell separator should be set at the highest achievable platelet concentration. The goal of apheresis in patients with acute thromboembolism or bleeding should be the normalization of platelet counts. The number of aphereses depends on the symptoms of the patient [72, 77] . An increase in the ACD-A ratio may become necessary. Cell separator settings for the collection of MNCs may be advantageous in individuals with very high platelet counts (i.e., > 2,000,000/µL). Platelet depletion is associated with a low risk of side effects.
Conclusion
TA should only be carried out by experienced teams after careful evaluation of the indication and balance of the risks and benefits. Especially in pediatric patients, this is an absolute requirement. Before starting TA, a treatment plan and aim must be defined and the patient's clinical status has to be re-evaluated at regular intervals.
